Abstract. In the present study, three models of acute liver injury in mice were induced via the administration of CCl 4 (35 mg/kg, 24 h), acetyl-para-aminophenol (APAP; 200 mg/kg, 12 h) and ethanol (14 ml/kg, 8 h) to study the effect of glutathione S-transferase A1 (GSTA1) on acute liver injury. The serum levels of alanine transaminase, aspartate transaminase and liver homogenate indicators (superoxide dismutase, glutathione and glutathione peroxidase) were significantly lower in model groups compared with the control group (P<0.01), whereas the liver homogenate indicator malondialdehyde was significantly increased (P<0.01). The expression of GSTA1 in liver was significantly decreased in the model groups compared with the control group (P<0.01). GSTA1 protein content was 3.8, 1.3 and 2.6 times lower in the CCl 4, APAP and ethanol model groups, respectively. Furthermore, GSTA1 mRNA expression levels decreased by 4.9, 2.1 and 3.7 times in the CCl 4, APAP and ethanol model groups, respectively. Among the three models, the injury induced by CCl 4 was the most marked, followed by ethanol and finally APAP. These results suggest that GSTA1 may be released by the liver and serve as an antioxidant in the prevention of liver damage.
Introduction
Liver disease poses a serious threat to human health and food safety, as consumption of animals with liver disease may be detrimental to health (1) . Acute liver injury is the common pathway and initiating factor of many liver diseases, such as acute liver failure (2) . Three models of liver injury are typically used in research as they are representational and reflect the situation of hepatotoxicity comprehensively and intuitively (3) . CCl 4 is a classical hepatotoxicant, which is able to induce reactive oxygen formation and deplete glutathione (GSH) (4) . Acetyl-para-aminophenol (APAP) hepatotoxicity is induced by the electrophile N-acetyl-p-benzoquinoneimine (NAPQI), which is able to induce mitochondrial dysfunction and oxidative stress, leading to liver damage (5) . The major etiological factors of hepatotoxicity in ethanol-induced hepatic injury are oxidative stress and inflammatory responses (6) . Due to the complexity of liver function and the diversity of liver damage factors, experimental animal models are not able to accurately and fully reflect the nature of liver injury (7) . Furthermore, existing animal models have various limitations such as non-standardized methods, lack of reproducibility and non-unified methods (8) .
Glutathione S-transferases (GSTs) are enzymes that are able to protect cells from damage caused by reactive oxygen species (9) . GSTA (α class GST) serves an important cytoprotective role in detoxifying reactive electrophiles and products of lipid peroxidation (10) . GSTs including GSTA have previously been identified as inhibitors of stress-activated kinase activity, most notably c-Jun N-terminal kinase (11) . This suggests that altered GST expression may be an important factor in modulating the cellular transition between proliferation, differentiation, and apoptosis, as well as in the pathogenesis of various inflammatory, degenerative and neoplastic diseases.
GSTA1 is a member of the α family GST gene superfamily. In human and rat liver cells, the dominant GST activity and content is GSTA, which is encoded by a gene cluster located on chromosome 6p12 (12) . GSTA1 may be used as an indicator of hepatic injury in chronic hepatitis C, low platelet syndrome cystic fibrosis or liver transplant patients (13) . Furthermore, GSTA1 serves as a crucial role in the GSH binding reaction. In normal liver and kidney tissues, GSTA1-encoded dimeric protein expression is high and serves an important role in the anti-oxidative defense system (14) . It is able to catalyze many xenobiotics, such as carcinogens, environmental toxins and certain pharmacological agents, by combining with GSH to promote the degradation of these substances (15) .
Previous studies have reported that GSTA1 is important for the early diagnosis and treatment of liver injury (16) . The present study evaluated the expression of GSTA1 in acute liver injury, and explored the importance of GSTA1 variation between liver injury models. At the end of the experiment, mice were anesthetized with ether (Shenyang Chemical Reagent Factory, Shenyang, China) and sacrificed by cervical dislocation and serum was collected to detect transaminases.
Optimal time tests.
A total of 176 mice were used to establish the optimal time. The mice were randomly divided into ten Replication of acute hepatic injury models. A total of 60 mice were randomly divided into two groups for each model (CCl 4 , APAP and ethanol; n=10 in each group). The results of the optimal dose and optimal time tests were used to replicate three liver injury models. Mice were subsequently anesthetized with ether (Shenyang Chemical Reagent Factory) and sacrificed by cervical dislocation, following which serum and liver were harvested. Of the mice, 40 were randomly divided into four groups (CCl 4 , APAP, ethanol and control; n=10 in each group). The results of the optimal dose and optimal time tests were used to replicate three liver injury models. Mice were subsequently anesthetized with ether and sacrificed by cervical dislocation, following which livers were harvested to detect GSTA1.
Serum ALT and AST measurement. ALT and AST activities in mice serum were tested using detection kits according to the manufacturer's protocol.
Liver homogenate indicators measurement. The livers were prepared as homogenate using a homogenizer (Automatic Sample Quick Grinding Machine, Tissue lyser-24; Shanghai Industrial Development Co., Ltd, Shanghai, China), then SOD, MDA, GSH, GSH-Px were measured using detection kits according to the manufacturer's protocol.
Histopathological analysis. Liver tissues of mice were fixed in 10% formalin at room temperature for 24-48 h, embedded in paraffin and sectioned at 5 µm thickness. Tissues were subsequently stained with hematoxylin and eosin, observed under a light microscope (magnification, x400) and images were captured.
GSTA1 content detection. GSTA1 content in liver homogenate was detected using a mouse GSTA1 ELISA kit. The procedure was performed according to the manufacturer's protocol. The resultant color intensity (assessed using the generated standard curve) was proportional to the amount of GSTA1 in the sample.
Detection of GSTA1 mRNA expression by RT-qPCR. Total RNA was prepared from 50-100 mg of liver tissue using TRIzol reagent according to the manufacturer's protocol. Isolated RNA (1 µg/20 µl reaction volume) was used for first-strand cDNA synthesis using the PrimeScript™ RT reagent kit. The PCR products were separated by gel electrophoresis on 1% (w/v) agarose gels. qPCR studies were performed using an ABI PRISM 7500 Detection System (Applied Biosystems, ; Thermo Fisher Scientific, Inc.). qPCR reaction was carried out with a total reaction volume of 20 µl containing 10 µl SYBR Premix Ex Taq, 0.4 µl ROX Reference Dye and 5 µM of each primer. Thermocycling conditions were as follows: 94˚C for 5 min and then 40 cycles of 94˚C for 30 sec, 58˚C for 40 sec and 72˚C for 40 sec, and a final extension step at 72˚C for 5 min. The mRNA levels were normalized against β-actin mRNA. The results are expressed using the 2 -∆∆Cq method (17) . Primer sequences are listed in Table I .
Statistical analysis. All numerical data are expressed as the mean ± standard deviation. Statistical significance was determined using SPSS 19.0 (IBM SPSS, Armonk, NY, USA). Tukey's test for multiple comparisons was used to determine statistical significance. P<0.05 was considered to indicate a statistically significant difference. Fig. 3 . Serum levels of ALT and AST increased following ethanol administration in a dose-dependent manner. Serum levels of AST were significantly higher in mice treated with 12 ml/kg ethanol (P<0.05), whereas ALT and AST levels were significantly increased with 14, 16 and 18 ml/kg ethanol (all P<0.01) compared with control mice. ALT and AST levels significantly increased at 8 h (P<0.01), and subsequently decreased. Based on these results, 14 ml/kg ethanol for 8 h was selected as the optimal model. 4 . The results of CCl 4 liver injury model replication are presented in Table II . A significant increase in serum ALT and AST was observed in the CCl 4 model group (35 mg/kg; 24 h) compared with the control group (both P<0.01). Furthermore, mice in the CCl 4 model group were found to have significantly lower levels of SOD, GSH and GSH-Px (all P<0.01) and significantly higher levels of MDA (P<0.01) compared with the control group.
Results
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Liver injury model induced by APAP. The results of APAP liver injury model replication are presented in Table III . A significant increase in serum ALT and AST was observed in the APAP model group (200 mg/kg; 12 h) compared with the control group (both P<0.01). Furthermore, mice in the APAP model group were found to have significantly lower serum levels of SOD, GSH and GSH-Px (P<0.01) and significantly higher serum levels of MDA (P<0.01) compared with the control group.
Liver injury model induced by ethanol. The results of ethanol liver injury model replication are presented in Table IV . A significant increase in serum ALT and AST was observed in the ethanol model group (14 ml/kg; 8 h) compared with the control group (P<0.01). Furthermore, mice in the ethanol model group were found to have significantly lower levels of SOD, GSH and GSH-Px (P<0.01) and significantly higher levels of MDA (P<0.01) compared with the control group. Histopathological analysis. Pathological section results of each group are presented in Fig. 4 . Histopathological analysis revealed blurred hepatic lobular boundaries, hepatic cord disorders, hepatocellular degeneration, cell swelling and inflammatory cell infiltration in the CCl 4 -induced model. Central venous congestion, hepatic cord disorder, hepatocyte nucleus staining and hepatocellular necrosis were observed in the APAP-induced model. Hepatocellular hemorrhage, necrosis and inflammatory cell infiltration were observed in the ethanol-induced model.
GSTA1 content in liver.
The GSTA1 content of liver homogenates from hepatic injury models are presented in Fig. 5A . Liver GSTA1 content was significantly decreased (P<0.01) in all model groups compared with controls. In the CCl 4 model, GSTA1 content was reduced from 16.21 to 4.28 ng/ml, a 3.8-fold decrease compared with the control group. In the APAP model, GSTA1 content reduced from 16.21 to 12.14 ng/ml, a 1.3-fold decrease compared with the control group. In the ethanol model, GSTA1 content reduced from 16.21 to 6.25 ng/ml, a 2.6-fold decrease compared with the control group. mRNA expression of GSTA1 in liver. GSTA1 mRNA expressions in acute hepatic injury models are presented in Fig. 5B . Gel electrophoresis revealed the PCR amplification fragments of GSTA1 gene and β-actin gene, and the degree of injury was determined depending on the strength of the signal (Fig. 5C) . The mRNA expression of GSTA1 in the liver significantly decreased in all model groups compared with controls (all P<0.01; Fig. 5B ). In the CCl 4 model, GSTA1 mRNA expression reduced from 1.32 to 0.27, a 4.9-fold decrease compared with the control group. In the APAP model, GSTA1 mRNA expression levels were reduced from 1.32 to 0.62, a 2.1-fold decrease compared with controls. In the ethanol model, GSTA1 mRNA expression levels were reduced from 1.32 to 0.36, a 3.7-fold decrease.
Discussion
In the present study, the optimal dose tests of CCl 4 , APAP and ethanol models of hepatic injury revealed that the degree of injury is dose dependent. Excessive doses are able to cause irreversible liver damage (18) . The optimal administered dose was determined according to the minimum dose that was able to significantly increase ALT and AST levels in the serum. In exposure time tests, the levels of ALT and AST first increased and gradually decreased after reaching a peak. This may be associated with repair of the immune system. The difference between ALT and AST may be due to the different half-life (19) .
ALT and AST levels in serum and histopathological changes in liver tissues are typically used to assess toxicity in experimental settings (20) . Serum transaminase levels do not accurately reflect the degree of injury to liver function (21) . Evaluations of the acute hepatic injury models should ideally use liver homogenate indicators, as they demonstrate changes in important factors associated with liver injury, such as oxidative stress (MDA) (22) , antioxidant enzymes (SOD) (23), non-enzymatic antioxidant (GSH) (24) and selenium-containing enzymes (GSH-Px). The results of the optimal tests suggested that the experimental conditions (exposure dose and time) were appropriate to establish the acute hepatic injury models.
In all three models, the protein and mRNA expressions of GSTA1 were significantly decreased and the change in GSTA1 expression was consistent with the content in the liver. The results indicated the importance of GSTA1 in liver injury. GSTA1 serves an important role in hepatic injury, which is gradually being recognized (24) . In the CCl 4 model, the GSTA1 protein content and mRNA expression significantly decreased, and the decrease was the greatest of the three models. The results suggest that liver cells release large amounts of GSTA1 to serve an antioxidant role and protect the liver when damaged (25) . Liver cells release large amounts GSTAl to scavenge free radicals when facing oxidative stress so that the body's redox balance is maintained (26) .
APAP-induced acute hepatic injury is typically caused by intermediate NAPQI, which may lead to the depletion of GSH (27) . GSH is the substrate of an enzymatic reaction catalyzed by GSTA1 (28); therefore, GSTA1 may theoretically reflect the degree of liver damage. In the APAP model, the protein content and mRNA expression of GSTA1 significantly decreased in accordance with previous predictions that GSTA1 is affected byAPAP-induced hepatic injury (29) . The significant decrease of GSTA1 suggests that it maybe released as an antioxidant to protect the liver from various hepatotoxins. The potential reason is that the injury primarily affected the central lobuli hepatis where GSTA1 is abundant and can be released easily, thus the variation of GSTA1 is relatively more sensitive (30) .
GST levels may be used as an indicator of hepatic damage in the alcoholic liver (31) . Because GSTA1 is a major component of GST, and increasing GST levels is will affect GSTA1 (32) . In the ethanol model, GSTA1mRNA and protein levels significantly decreased, which was consistent with other oxidation index changes. The half-life of GSTA1 is about 1 h (33), suggesting that it may be a useful marker of hepatocellular injury (34) . A previous study by the present authors demonstrated that GSTA1 is more sensitive and is able to be detected earlier than ALT (16); therefore, increasing GSTA1 content in liver is an important mechanism leading to the hepatoprotective effect.
Of the models used in the present study, the injury induced by CCl 4 was the most marked, followed by ethanol and finally APAP. The change of GSTA1 expression was positively correlated with its content. GSTA1 levels in all acute hepatic injury models were found to be significantly different from controls, which indicates that GSTA1 may serve a role in eliminating chemical mutagens and lipid peroxides. A previous study suggested that GSTA1 functions to remove toxic substances and carcinogens to protect the liver and prevent tumor formation (35) .
In conclusion, the results of the present study suggest that GSTA1 in the liver may be released as an antioxidant to protect against liver injury. This research may serve as a foundation for further investigations into the regulatory role of hepatoprotective agents such as GSTA1 and the molecular mechanisms of GSTA1 regulation.
